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Abstract 

We study moduli stabilization and a realization of de Sitter vacua in generalized F- 
term uplifting scenarios of the KKLT-type anti-de Sitter vacuum, where the uplifting 
sector X directly couples to the light Kahler modulus T in the superpotential through, 
e.g., stringy instanton effects. F-term uplifting can be achieved by a spontaneous 
supersymmetry breaking sector, e.g., the Polonyi model, the O'Raifeartaigh model 
and the Intriligator-Seiberg-Shih model. Several models with the X-T mixing are 
examined and qualitative features in most models even with such mixing are almost 
the same as those in the KKLT scenario. One of the quantitative changes, which are 
relevant to the phenomenology, is a larger hierarchy between the modulus mass m-r 
and the gravitino mass 7713/2, i.e., mx/m^^ = 0(a 2 ), where a ~ An 2 . In spite of such 
a large mass, the modulus F-term is suppressed not like F T = (7773/2 /a 2 ), but like 
F T = 0(777.3/2/0) for ln(Mpz/7773/2) ~ a, because of an enhancement factor coming 
from the X-T mixing. Then we typically find a mirage-mediation pattern of gaugino 
masses of 0(7773/2/0), while the scalar masses would be generically of 0(7773/2). 
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1 Introduction 



It is quite important to realize the real world based on string theory pQ, though we have 
lots of difficulties to be overcome. We do not have a definite answer in string theory why 
the dimension of our spacetime is four or a definite scenario to derive the standard model 
(SM), the SU(3) x SU{2) x U{1) gauge symmetry, three families of quarks and leptons, 
experimental values of gauge couplings and fermion masses and mixing angles, etc. Many 
attempts have been tried to solve these problems in several aspects step by step. 

One of the most severe difficulties to be solved, is the moduli stabilization problem. 
This problem always occurs when one assumes that the observed spacetime dimension 
is realized in string theory. Non-perturbative effects, such as gaugino condensations [2] 
were used to be considered for the moduli stabilization [3]. Recently a new mechanism of 
moduli stabilization has been brought to the attention. That is a compactification with 
closed string flux [I] with orientifold planes and D-branes, which can be a source of the 
fluxes and cause non-perturbative effects. 

Advantages of such flux compactification are that the internal compact space can be 
warped by flux generating large hierarchies, and also that we can fix a lot of moduli, 
e.g. a number of (9(100), simultaneously. For example, in type IIB orientifold model 
on Calabi-Yau, the dilaton, complex structure and D7-brane moduli are stabilized by an 
imaginary self dual flux. If our world can be described by string theory with D-branes, it 
is natural to consider both fluxes and non-perturbative effects as sources of moduli fixing. 

Furthermore, moduli fields can play important roles in the low energy phenomenology. 
Moduli fields determine compactification scales of the internal space. Then, the moduli 
generically couple to four- dimensional kinetic terms of gauge fields, and their vacuum 
expectation values (vevs) determine gauge couplings and similarly other couplings like 
Yukawa couplings. Moreover, F-components of moduli superfields, which are also given 
by nonvanishing vevs of moduli themselves, can be a source of supersymmetry (SUSY) 
breaking and induce soft SUSY breaking terms in the visible sector. SUSY can be broken 
nonperturbatively through the moduli fixing procedure. Therefore, if we find any signa- 
tures of SUSY breaking at near future experiments, it is very interesting not only from 
the phenomenological viewpoint but also from the viewpoint of string theory. 

Recently the authors of [5] proposed a semi realistic scenario based on the flux com- 
pactification with D-branes and an anti D-brane, that is called KKLT scenario. In this 
scenario, all moduli are fixed by flux and non-perturbative effects on D-branes and the de 
Sitter/Minkowski vacuum is realized. SUSY can be broken moderately by a red shifted 
anti D-brane which is sitting at the tip of warped throat and is well separated from the 
light modulus as well as the visible sector. Because of this sequestering structure, the 
scalar potential of the modulus, which has a SUSY minimum with a negative vacuum 
energy before adding the uplifting effect, can be easily uplifted allowing a tuning of the 
cosmological constant. The minimum becomes a SUSY breaking metastable vacuum for 
closed string sector. 

In this scenario, F-components of Kahler moduli are suppressed compared with the 
gravitino mass [6]. This results in the fact that moduli mediation and anomaly media- 
tion [7] are comparable [8], that is, the so-called mirage mediation. Thus, the gravitino 
mass is of (9(100) TeV to realize the low-energy SUSY breaking in this scenario. This 
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kind of the mediation mechanism causes a distinctive pattern of sparticle spectra at the 
TeV scale [8j [9] and naturally solves the SUSY CP problem [6j [8], though it may have 
a gravitino overproduction problem [10]. It is also known that, with the mirage media- 
tion, the so-called little hierarchy problem can be avoided within the minimal SUSY SM 
(MSSM) [llj, where the mirage unification of the wino and the gluino masses at the TeV 
scale is important [12]. 

The source of the uplifting is the anti-brane in the original KKLT scenario. However, it 
can be replaced by a dynamical SUSY breaking. Recently, metastable vacua with dynam- 
ical SUSY breaking have been studied in field-theoretical model building [13j [14]. Also, 
including realization of these field-theoretical models, metastable models of a dynamical 
SUSY breaking have been studied not only in the closed string sector but also in the open 
string sector [15]. By introducing such SUSY breaking sector into the KKLT model, we 
can construct F-term uplifting scenarios [T6J [T7J [18j [191 120] , where the Polonyi model [21] , 
the O'Raifeartaigh model [22] and the Intriligator-Seiberg-Shih (ISS) model [13] have been 
considered as the F-term uplifting sector^ F-term uplifting models are more interesting 
than other uplifting schemes, because the size of SUSY breaking is controllable and a 
small gravitino mass, which is comparable to the electroweak scale, can be realized. In 
the D-term uplifting |23^l and the Kahler uplifting [25] schemes, to control the size of 
SUSY breaking is not simple, and they would naturally lead to a large SUSY breaking 
scale, which is comparable to the Planck scale. 

In the F-term uplifting scenario, we find slight differences from the original KKLT 
predictions with the anti-brane, although the qualitative features are not changed. For 
example, the ratio of the anomaly mediation to the modulus mediation takes a different 
value depending on the model and as a consequence the prediction of sparticle mass 
spectra at a low energy scale is different from the original KKLT scenario. 

In this paper, we generalize the F-term uplifting scenarios such that the uplifting sector 
X directly couples to the light Kahler modulus T in the nonperturbative superpotential 
induced by, e.g., stringy instanton effects. We will show that in most cases the qualitative 
features of the KKLT scenario can still be almost the same even with the modulus mixing 
to the uplifting sector. One of the quantitative changes, which would be phenomenologi- 
cally relevant, is a larger hierarchy between the modulus mass and the gravitino mass than 
one in the original KKLT model. We will typically find mirage-mediation type gaugino 
masses, while the scalar masses are of the order of the gravitino mass in general. 

We arrange the sections of this paper as follows. In Sec. [2], we study the Polonyi- 
KKLT model and the ISS-KKLT model as concrete examples of the F-term uplifting. 
We introduce a mixing between the light modulus T and the uplifting sector X in the 
superpotential, and find the minimum of the scalar potential based on the perturbation 
from a reference point where both the Polonyi/ISS-type structure and the KKLT-type 
structure would be realized for X and T, respectively. Here we assume that constants 
of the Polonyi/ISS models are (dynamically) generated by flux or stringy instantons [26] 
depending on the light modulus^. Then, in Sec. EJ we analyze the SUSY breaking order 

1 The ISS model can correspond to the O'Raifeartaigh model after integrating out heavy modes in 
both models. 

2 See also [24]. 

3 For Affleck-Dine-Seiberg-KKLT model [27 ] . see [28 ] . 
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parameters and the masses of light modes. After deriving some general expressions in 
Sec. 13.11 we show some results in several concrete examples in Sec. 13.21 and 13.31 Sec. 0] is 
devoted to conclusions and discussions. 

2 Moduli involved F-term uplifting 

For concreteness, we consider type IIB supergravity with the dilaton S, complex moduli 
U and a single Kahler modulus T. Our analysis can be extended to the case with several 
Kahler moduli. Here and hereafter we use the mass unit with Mp\ = 1, where Mpi 
is the four-dimensional Planck mass. As in the original KKLT model |5|, we assume 
that the dilaton S and complex structure moduli U are stabilized by the flux induced 
superpotential 



because of large supersymmetric masses (dgduWa-ux) ~ 1 [29J. Then, the dilaton and the 
complex structure moduli are much heavier than the Kahler modulus T, and these do not 
affect the low energy dynamics of T and the visible sector. 

In the KKLT model, the Kahler modulus T is stabilized by a nonperturbative effect 
on a D7-brane, that is, the following superpotential is considered, 



with the Kahler potential — 31n(T + T), where the constant Wo in the superpotential 
originates from the flux induced superpotential or a gaugino condensation which 

depend on heavy moduli such as S [30] . and the second term is due to the nonperturbative 
effect. The potential minimum corresponds to a SUSY AdS vacuum. In order to uplift the 
AdS minimum to a Minkowski one, anti Z)3-branes are introduced at the tip of the warped 
throat, which is well sequestered from the Kahler modulus T as well as the visible sector, 
and the effect of anti D3-branes just appears as an (T-dependent) uplifting potential, 
which is an explicit SUSY breaking term in terms of the N — 1 supergravity, added to 
the standard F-term scalar potential of T. 

Instead of adding such anti D-branes, we can uplift the SUSY AdS minimum by adding 
a superpotential term Wm{T,X), which leads to a nonvanishing F-term of the hidden 
sector field X. That is the F-term uplifting. In the original F-term uplifting scenarios [161 
[m [TBI [T9l [20] . the uplifting sector is basically assumed to be well separated from the 
light modulus as anti _D3-branes in the KKLT scenario, i.e. dWm(T, X)/dT = 0. As the 
spontaneous SUSY breaking sector X, the Polonyi model, O'Raifeartaigh model and ISS 
model have been considered. Here, we study generalized F-term uplifting scenarios where 
the hidden sector field X, which is responsible for the nonvanishing F-term, is directly 
couples to the light Kahler modulus due to, e.g., stringy instanton effects [26]. Such 
instanton effects for instance induce a mass term or a tadpole term of the hidden sector 
field X which depends on the light Kahler modulus. Similar situation has been studied 
based on heterotic and M-theoretical models with multiple light moduli [281 13lfi 





W-kklt = w - Ae 



-aT 




See also [32 for a model with similar properties. 
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We will show that the F-term uplifting is still valid in most cases without changing the 
qualitative features of both the light modulus (KKLT) sector and the uplifting (dynamical 
SUSY breaking) sector. 

2.1 Polonyi-KKLT model 

One of the simplest models for the F-term uplifting is the Polonyi-KKLT model p^H], [20] , [33] . 
The Kahler potential K and the superpotential W are given by 

K = Q(T,T)+Z(T,T)\X\ 2 , (1) 
W = w -Ae- aT + Be~ bT X, (2) 

where Q(T,T) is the Kahler potential of overall volume (Kahler) modulus, which is typ- 
ically given by — 31n(T + T), and Z(T,T) = K X x is the Kahler metric of X. In the 
superpotential, we assume a typical magnitude of parameters 

\a\, \b\ ~ 47T 2 . 

When A = and 6 = 0, the above superpotential corresponds to the Polonyi model, 
i.e. Wpoionyi = w o + BX, and leads to spontaneous SUSY breaking with nonvanishing 
F x . The third term in the right hand side is the mixing between X and T, and such a 
mixing can be induced by sting instanton effects. The Polonyi-KKLT model without X-T 
mixing, i.e. 6 = 0, has been studied in [181 [201 133] . 

From these Kahler potential and superpotential, we can derive the F-term scalar 
potential V using the standard N = 1 supergravity formula: 

V = e G {G IJ G I G J -3) = K^F 1 F J - 3e K \W\ 2 , 

G = K + \n\W\ 2 , F 1 = -e K/2 K IJ DjW, D T W = Wi + KiW. (3) 

We try to find a minimum of the potential by a perturbation from the reference point. 
We choose the reference point (X, T) = (X ,T ) which satisfies the following conditions^, 

Vx\ = V\ = 0, D T W\ = 0, X Q = X , T = T . (4) 

At this reference point, the KKLT-like modulus property and the Polonyi-like SUSY 
breaking property would be realized. We tune our parameters to obtain almost van- 
ishing vacuum energy V = 0. In this Polonyi-KKLT model, the reference point (j3J) is 
characterized by 

X ~ T ~ a?a*fl| ~ d^Z\ ~ 0(1), 
W\ Q ~ W T \ Q = -K T W\ Q} \d^ +2 W\\ ~ a n+2 \W\ } (5) 

where n, m = 0, 1, 2, . . .. 

5 Here, because the number of complex parameters in superpotential is less than four, we can always 
make the vevs of fields real by field redefinitions (shifts or rotations). 
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The true minimum of the potential is denoted by 



($ 7 > = $ / | + 5$ / , 
where $ 7 = (X, T). Assuming 5$ 7 /$ 7 | <C 1, we expand Vj as 

Vi = VjIv + VuI^ + V U \ 5<S> J + 0(5$ 2 ) 
= Vj\ + Vjj\ 5^ j + 0(5^ 2 ), 

where Vjj = Vjj + Vjj and 5& 1 = 5& . The stationary condition Vj = results in 



5$ 7 



V IJ Vj\ + O(5& 



where VjjV 



JK\ 



5T 



Sj K . For Vij > V u , we find [20 



\Vxt\ 2 /Vxx ~ Vtt 



5X 



Vn 



TX 



V, 



xx 



5T. 



First we consider the case that the Kahler mixing is small, \Z 1 8tZ\ < 0(a x ) at the 
reference point. By estimating the orders of Vj\ Q , Vjj| and Vjj\ q , we find X = V3 — 1, 
To = 0(1), 



Vn 



and 



VuV 



V X X VXT 

b 2 + 1 ab 2 + b 
ab 2 + b a 2 b 2 + b 2 



be 



b 2 + l 



b(m T /m 3 / 2 + 1) 



b(m T /m 3 / 2 + 1) Wr/ m 3/2 + 



3/2 



m 3/2) 



where m 



3/2 



e G//2 ln and 



-e K / 2 K TT W 



TT 



ab(T + To) 2 m 3 / 2 



(6) 



Then, for a ~ 6 7^ 0, we find that the Hessian can be positive, and obtain 



<5T 



1 



« 1, 



6 2 



< 1. 



This result should be compared with 5T/T 



and SX/X 



_1 derived in the 



case that Be~ bT is replaced by a T-independent constant in the superpotential. (When 
one sets b = 1 in the above expressions, the results of such case are obtained.) This 
difference originates from the fact that the superpotential of modulus is not effectively 
a KKLT type but rather a racetrack type because of (X) = 0(1). From this result, we 
find that the true minimum resides in a perturbative region from the reference point (j4j). 
Then, we expect that the SUSY breaking structure of the Polonyi-KKLT model is not 
affected qualitatively by the mixing between the Polonyi sector X and the KKLT sector 
T, although quantitatively the modulus mass becomes the racetrack-type (E]) for b ~ a [6] . 
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Finally we comment that a considerable Kahler mixing \Z l dxZ\ = 0(1) at the ref- 



o 



erence point would affect the above order estimations. For example, we obtain Vt 
b{l + aX d T Z)e G \ ~ b 2 e G \ and 5T/T ~ 1/b 2 , 5X/X ~ 1/6, assuming that T and X, 
are of 0(1). Then without a tuning between a and b, we may find 



D X W = D X W\ + WxtIqST + K X W X \ 5X 



m 3/2 ( 1 + - + ■ ■ 

?T - D T W = W T t\o$T + W TX \ SX + W X tt\oSX5T + ^W T tt\o(5T) 2 + 



m 3/2 [ 1 + ^ + • • • 

where we wrote both 1/a and l/(a — b) as 1/b. If a — b is of 0(1), the above expansion in 
some cases may not converge, and the perturbation may be invalid as in the ISS-KKLT 
model shown later. For the case in which it converges (a — b = 0(Att 2 ) etc.), we leave a 
concrete study as a future work. 



2.2 ISS-KKLT model 

Another interesting source of uplifting is the ISS model [T3] and in this subsection we 
consider the ISS-KKLT model [T71 H8J. After heavy modes are integrated out around 
the SUSY breaking minimum, the ISS model leads to the same superpotential as the 
Polonyi model, where the field X corresponds to the meson field and the tadpole term 
of X corresponds to a mass term of quarks q and q in the dual side, i.e. X ~ qq. A 
T-dependent mass term of q and q can be generated by string instanton effect like qqe~ bT . 
That can be an origin of the third term of the right hand side in Eq. ([2]). At any rate, 
we use the same superpotential as Eq. ([2]). However, the Kahler potential of X receives 
a one-loop correction from the heavy modes. The relevant part can be written as [191 El] 

/C = K - ^Z^\T,T)\X\ 4 , 

where K is the tree level Kahler potential given by Eq. (00). We assume the same super- 
potential ([2]) as befor^]. The O'Raifeartaigh model leads to the same Kahler potential 
and superpotential after heavy modes are integrated out. 
The scalar potential is then written as 

v = e g (g IJ gjgj-3), 

= e G (G IJ G I Gj - 3) + m 2 x (T } f )\X\ 2 + • • • , 

6 If we really adopt the ISS model itself, A would be dependent of T like A 2 ~ 16Tr 2 Be~ bRe ^ because 
the mass of heavy modes is also given by Be~ bT . However we consider A as a constant which comes from 
the vevs of heavy moduli, that is, the "ISS model" represents some proper O'Raifeartaigh model in this 
paper. Note that, even if A is dependent of T, the following results would not be changed as far as the 
ISS- like vacuum is stable. 
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where Q = /C + In \W\ 2 , G is given by Eq. (pQ) and 



We execute a similar analysis to the Polonyi-KKLT model based on the reference point 
05) with the order estimation © but now X ~ (v^Z/eZ^^A 2 ^ 10 2 m 3/2 < 1. The 
important difference between the Polonyi uplifting scenario and the ISS uplifting scenario 
is the size of X Q , that is, we have X = 0(1) in the Polonyi uplifting scenario, while X is 
much smaller in the ISS uplifting scenario. Because of the smallness of X , the following 
results are not affected by the Kahler mixing OtZ ^ 0. In this case, we can estimate the 
order of Vj[ Q , Vjj\ and Vu\ , and find 



and 



Vt| ~ be G \ 



y , V xx V xf \ ( l/X + b 2 b(m T /m 3/2 + 1) \ 2 

, /! " ~ 1 V TX V Tf ) ~ ^ b(m T /m 3/2 + 1) m 2 T /ml /2 + b 2 ) m V 2 

l/Xo ab \ 2 



a& G 2 + & 2 y -3/2 , 

where m 3 / 2 = e G//2 | and m T = —e K ^ 2 K TT WTT ~ a (T + T )m 3 / 2 . Because X is much 

smaller than the Planck scale, the effective superpotential for the modulus is not the 
racetrack type but the KKLT type. Then, for a ~ b ^ 0, we obtain 

5T/T ~ a" 1 < 1, 5X/X ~ a > 1. 

This results should be compared with the results 5T/T ~ a~ 2 and 5X/X ~ a -1 for the 
case that Be~ bT is replaced by a T-independent constant. (When one sets b = 1, one 
can obtain the result for such case.) We conclude that, with the superpotential mixing 
between the ISS sector and the KKLT sector, the reference point (jlj) is far from the 
true minimum. Then, the SUSY breaking structure would be quite different from the 
ISS-KKLT model without the X-T mixing. 



2.3 ISS-racetrack model 

We can evade the problem in the previous subsection by adding another nonperturbative 
effect, Ce~ cT (c ^ a), to the ISS-KKLT superpotentiaQ, 

W = w - Ae~ aT + Ce~ cT + Be~ bT X. (7) 

We call this ISS-racetrack model. In this case, we find Vt\q ~ be G \ ancj^l 

j . / 1/X abc \ G > 
VlJ ^ ~ ^ abc a 2 c 2 ) 6 |o - 

7 For wq 7^ 0, we cannot make the vevs of fields real without a fine-tuning of complex parameters, 
because in such case the number of complex parameters is four. 

8 This argument depends on parameters in the superpotential. For example, when the vacuum of 
modulus is almost supersymmetric Minkowski vacuum, that is, ~ Ae^ a ^ — Ce~ c ^ 3> (W), the ISS 
vacuum is more stable than the usual racetrack vacuum, because mj is much heavier than ac{T-\-T) 2 m^/2 
for such case. 
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Note that the modulus mass is estimated as 

m T ~ ac(T + fo) 2 m 3/2 , (8) 
without a fine-tuning among a, b and c. Therefore, we typically find 

5T b 5X b 2 
T a 2 c 2 ' X ac 

and the reference point is stable so far as b 2 < ac. Here, we consider the case that 
b < c < a. The Kahler potential mixing can be safely introduced into the ISS-racetrack 
model without affecting the structure of the minimum due to the smallness of X®. Finally, 
in this ISS-racetrack model, the vacuum would be metastable. However its life time would 
be sufficiently long [331 TH [35] , because Be~ b{T) < 1. 

3 SUSY breaking order parameters 

In the previous section, we have studied generalized F-term uplifting scenarios where 
the hidden sector field X, which is responsible for the nonvanishing F-term, is directly 
couples to the light Kahler modulus T, e.g., because of stringy instanton effects [260 As 
we can see from Eqs. fl6]) and (IE]), the X-T mixing generically produce a larger hierarchy 
mT/m^/2 ~ a 2 between the gravitino mass and the modulus mass than one in the original 
KKLT model mr/m 3 / 2 ~ a, because the modulus superpotential is effectively given by 
the racetrack- type [6]. Otherwise, the reference point is unstable and the KKLT-type 
structure that the modulus is somehow heavier than the gravitino, might be spoiled as 
shown in the ISS-KKLT model. 

In this section, we analyze the SUSY breaking order parameters in detail. We will 
find that, despite the large modulus mass m-r ~ a 2 rri3/2, we can still obtain the same size 
of the modulus F-component F T ~ m^^/a as one in the original KKLT scenario, because 
of the enhancement by the X-T mixing in the superpotential. In the following, we first 
derive general expressions for the order parameters F T and F x in terms of modulus and 
gravitino masses, and then apply them to several typical models. 

3.1 General result 

For the evaluation of F T , we expand the relevant part of the scalar potential around the 
reference point defined by (J4J) with W\o ^ 0. 

V = e K (K IJ D I WD]W -3\W\ 2 ) 

w V\ + le K K x *DxW(K XT W + K X W T + W XT )]\ 5T 

+ [e K K Tf (K TT W + K T W T + W tt )]\ Dt\V6T - 3[e K WW T }\ Q 5T + ■■■ 
w [e K K xx DxW(- K X K T W + W XT )\ \ 5T 

+ [e K K tT W T t}\ D^W 6T + 3[K T e K \W\ 2 }\ 5T + ■ • • , 

9 As shown in 28J, in such a case we may have a nice property that the smallness of the gravitino 
mass 7713/2 ^ Mpi could be a natural consequence of a tiny cosmological constant. 
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where ellipses denote complex conjugates and terms that are of order (5X) 2 , (5X) 2 , (8T)' 
(ST) 2 and |<5X| 2 . Here we have assumed 

WxT 



\K 



XT\ 



\K 



XT I 



< 



W 



0(a~ 1 ) < K Tt , K 



xx 



K TT W\ 



Wn 



TT\ 



\K T W T \ 

Wtt\i 



TT 



-K 2 W\ 



< \w 



TT\ 



at the reference point. An important point is that the expansions of DtW are all sub- 
leading, so the order parameter F T can be mainly of 0(5T, 5X). As a result, terms 
which are of 0(5T, \ST\ 2 , 5T5X) in the scalar potential are important for our analysis. 

_ e K/2 R TT 



Using the expressions ~ —e K l 2 K TT WTT 
rewrite the above scalar potential as 

'W TX 



and F T 



DtW, one can 



V 



5T 



m 



3/2 



V3K XX 



W 



K X K T \ + 3K T )■ + K Tf m T F 



+ 



where we have omitted the symbols 
equation of motion for 5T, we obtain 

,2 



and we have used VK xX D x W = y/3W. With a 



m 



3/2 



rax 

2 



-K. 



in 



3/2 



rax 



TT 

-K T \ 



K, 



TT 



j V3(V3 - VK XX K X ) + V3K XX ( 
) \/3(V3- y r K x ^K x ) ^1 + 



W 



TX 



K T W 



OtHWx] 



(9) 



where the effect of the X-T mixing is encoded in dx In W x 
have used VK XX D X W 



b as well as tjit- Here we 



W 



TX 



V3W and 
W TX W x 



TX 



(V3-\ r K xx ~K x ) 



W 



w 



x 



w 



3/2 /a for the typical 



at the reference point. Form Eq. (Q, we easily find that F T ~ m 
modulus mass mT/m 3 /2 ~ ab shown in Eqs. (EI) and ([H]). This should be compared 
with the original KKLT model and the F-term uplifting scenarios without the mixing 
c^lnHx = 0, which result in F T ~ m 3 / 2 /a with mj-/m 3 / 2 ~ a. The ratio F T /m 3 / 2 can 
be of the same order as the one in the original KKLT model F T /m 3 / 2 ~ although 
our models have a larger hierarchy between the modulus and the gravitino masses. This 
is due to the enhancement factor &t In W x = b in Eq. ([9]). On the other hand, around the 
reference point, we simply find 



?x 



XX 



III 



3/2- 



Here, we comment on the shift of field vevs from the reference point. From the above 
expressions, we can roughly estimate as F T ~ 5TdfF T ~ m^5T ~ bmy 2 /mT where 
b = — 9j'ln(H / x). Then we find 



5T 
T 



— ~ b- 



m 



3/2 



ITLn 
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where we have assumed To = 0(1). Furthermore, SX in later examples can be typically 
given by SX ST(V X f/V xx ) 6T m ^ /2 (il^T )/x ■ Then we find 

SX b 2 m 3/2 
~X~ Q ~ ~m T (l + b 2 X y 

These expressions agree with results in the previous sections and are useful for checking 
the stability of the reference point in each model. 

In the following subsections, we show several concrete examples. In some cases, we 
will assume that the gauge kinetic function of the hidden sector f hid , which is responsible 
for the nonperturbative superpotential terms, is given by the mixture of the heavy and 
the light moduli [30], e.g., fhid = wT + m(S), for generality. All the parameters in the 
models are taken to be positive and reaf^l. and we will take b < a in the Polonyi-KKLT 
model and b < c < a in the ISS-racetrack model for concreteness. 



3.2 Polonyi-KKLT model 

First examples are some simplified versions of the Polonyi-KKLT model (T2]). As we 
emphasized, the perturbation around the Polonyi vacuum Xq ~ (9(1) generates effectively 
a racetrack-type superpotential for the light modulus T. Then, we can simply drop the 
constant piece u>o in the superpotential (T5]) just for stabilizing T unlike the case without 
the X-T mixing. Instead, we introduce a moduli mixing in the hidden sector gauge kinetic 
function [30] . 



3.2.1 Model 1 

We start from the Kahler potential and the superpotential given by 

K = -31n(T + f) + \X\ 2 , W = Ae- c{s)+aT + Be~ bT X, 

where the dilaton S is assumed to be stabilized at a much higher scale by, e.g., the flux 
induced superpotential. In this case, we find 



An 



(W TT ) 



F T ~ 



V3-: 

ab(W) 



(W) 



1 



In 



a + b 



bBX t 



aA 



a + b 



fbBX Q e c ^\ a+b ( a 



aA 

ab{T + f) 2 



m 3/2 . 



Therefore the condition for the Polonyi vacuum, Wx\ = W\ Q , i.e. V\ = at A = V~3 — 1, 
requires b/a ~ 1/An — 1 ~ 0.37, and the positive sign +aT in the first exponent is 



10 Except for model 5, we can always assume the positive and real parameters up to the overall phase of 
the superpotential. In model 5, we have to tune some of these complex parameters for such assumption. 
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necessary in the superpotential in order for the Polonyi-like vacuum to be compatible 
with the racetrack vacuu rrM 

To evaluate the ratio of the anomaly mediation to the modulus mediation, we define 
a as [S] 

= 1 F°/Co 

~ \n(M Pl /m 3/2 ) F T /(T + fY 1 J 

where Co = e K ^ is the lowest component of the conformal compensator superfield C, and 
F c is F-component of C, i.e. 

^ = m, /2 + \Y J K I F I . (11) 

Note that F c / Co, in general, has contributions due to the gravitino mass and F-components 
F 1 of the SUSY breaking sector, although we have F c /Cq = in the original KKLT 
scenario. We obtain in this example 

a = -~ ~ -^(V3 + l) ~ -1.82. 

where \n(M p /m 3 / 2 ) — ln(l/W| ) ~ bT has been adoptecfjH 

3.2.2 Model 2 

We can also consider the case with a moduli mixing in the term which is responsible for 
the X-T mixing through, e.g., stringy instanton effects. Then we analyze the following 
model: 

K = -31n(T + f) + \X\ 2 , W = Ae~ aT + Be- c{s)+bT X. 

Note that the positive sign +bT in the second exponent is necessary in order for the 
Polonyi-like vacuum to be compatible with the racetrack vacuum as in the previous model. 
In this case, we obtain 



X = T ~ — |— In 

a + b 



aA c c(S) 



bBX 



a + b 



(W TT ) ~ ab(W), (W) ~ A [jix^) (l + 
F ~ V3 , m T = m 3/2 . 



11 In the ISS-KKLT model with W = Ae TaT + Be ±bT X, we cannot satisfy this kind of condition 
W X \ - V3W\ , that is, b/a ~ l/(y/3X ) - 1 - 10 12 . 

12 Contributions to F c /Co = m 3 / 2 /v / 3 come from the gravitino mass and K x F x /3 = -(l-l/V3)m 3/2 
in the Polonyi-KKLT model. The latter was not taken into account in [18], and the value of a was 
evaluated for F c /Co = m.3/2, but that should be replaced by F c /Co — m 3 / 2 /V3. 
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The condition for realizing the Polonyi vacuum is the same as the previous example, 
b/a ~ 1/Xq — 1. The anomaly/modulus mediation ratio (jTUI) is found in this model as 



2 1 2 

a ~ 3-A + £M ~ 3 

a 1 aT 

where we applied \n(M p /m 3 / 2 ) = c(S) — bT ~ aT . 
3.2.3 Model 3 

Finally, we show the results in the Polonyi-KKLT model (j2J) with the minimal Kahler 
potential: 

K = -31n(T + f) + |X| 2 , W = w - Ae~ aT + Be~ bT X } 
where we find 



X = VZ-1, T ~ -J— In 

a — o 



aA 
bBX 



(W TT ) * -abX (l-^ { W), (W)^B^y a - b , 
pT m ms/2 ab(T + T) 2 ( b\ 

Here we adopted wq ~ Ae~ aT ° + B(1 — Xo)e~ coming from the condition for the Polonyi- 
like vacuum, W\ = W x \ = Be~ bT °. 

In this case, one finds that the shift of fields are given by ST/Tq ~ l/b(a — b) 2 and 
5X/Xq ~ l/b(a — b). Then the expansion of the potential around the reference point is 
done in terms of l/(a — b) 2 , where 



D X W = D x W\ + J2- ] ( d TWx)\ (5T) n + --- 



ni 

n=l 



DtW = E^w)io( 5T ) n + 5X Er^w ( ^ x)lo(5Trl + ''' 

n=l ^ 



ni 

n=l 



m 3/ 2 ft , ' | 1 | 



(a -b) \ (a-b) 2 (a -by 

Therefore it is a good approximation when a — b = O(10). Note that only if B = e~°( s ' 
with c ~ a ~ 6, the difference a — 6 can be of O(10) for To ~ (S*) = 0(1). 

In such a case, the mirage mediation is important for the gaugino masses. For c ^ 
we find the anomaly/modulus mediation ratio ( fTUl) as 



2 (a - b)X t 
a = — 
3 



(6 + cf) 3 V ^ 
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where we substituted ln(M p /m 3 / 2 ) — c(S) + bT ~ aT . 

For c = 0, F T is of 0(1713/2) through a tuning (a — b) 2 = 0(1) in order to make 
To sufficiently large. However, in this case the perturbation around the reference point 
becomes unstable. Thus, generically it is required that ST/T < 1/b 2 and 5X/X < 1/6 
for the convergence. 



3.3 ISS-racetrack model 
3.3.1 Model 4 

Next we analyze the ISS-racetrack model (CO). Similarly we first omit the constant piece 
wq in the superpotential and start with 



IX 



1 



K = -31n(T + T) + \X\ 2 - W = -Ae~ aT + Ce~ cT + Be' bT X. 



Then we find the following results. 

a/3 1 

X = —A 2 ~ lQ7r 2 Be~ bTo ~ 10 2 m 3/2 < 1, T ~ In 

6 a — c 



a/3 V C W ^ c ' \ cC ) 

,6 «c(T + T) 2 
T ~ 3— m 3 / 2 , m T = m 3/2 , 



where the condition for obtaining the ISS-like vacuum W\ ~ -DxW^| /a/3 ~ Wx\q/V3, 
i.e. V| = 0, has been adopted. The anomaly-to-modulus mediation ratio (JTUJ) is now 
given by 

2acT 2ac 
01 ~ 361n(M p /m 3 / 2 ) ~ 36 1 "' 

where we applied ln(M p /m 3 / 2 ) — bT . Note that ac/b 2 > 1 is required in order to make 
the reference point of the ISS model stable. For the case with ac/b 2 = 3, we obtain a = 2. 
For the case with b = c, B = C = 0(1), we need a large value of A, e.g., A = e~ d( - s ^ 1 
and the condition that b/a ~ 1 — 1/a/3 ~ 0.42 to make the reference point stable, and 
then find a ~ 1.58. 

3.3.2 Model 5 

Finally we turn on the constant Wo in the previous example: 



IX 



■1 



K = -31n(T + T) + |X| 2 - W = w - Ae~ aT + Ce~ cT + Be~ bT X. 

A z 

Then we obtain the following results, 

~aA 



X = ^A 2 ~ 10 2 m 3/2 « 1, T ~ In 

a — c 



cC 
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{Wtt) = -^(5-1)^, 



a — b 
a — c 



V3bB , a _ b)To V3bB fa A" 



ac(T + T) 2 
m T = m 3/2 



^Mf^_l) e -(«-6)To 
Vc 



where we applied the condition for realizing the ISS-like vacuum, wq ~ (B/y/3)e bT ° + 
Ae" aTo -Ce" cT °. 

The anomaly /modulus mediation ratio (|T0|) is found as 



a = 2(a - c)aA c _ (a _ b)To To 



V3bB i n ( Mjl. 



Note that \n(Mpi/ 1713/2) — ln(B 1 e bT °). We find that a is sensitive to the adjustment of 
B. For B = 0(1), we obtain In {jf^fj^j — Wo- Therefore, 

a = 2(a - c)aA ^ (a _ b)To 
^flb 2 B 

In the case that A and C are of 0(1), a value of a — c must be also of 0(1) for large T . 
Thus, the value of a becomes typically very small such as a ~ b~ 1 e~( a ~ b ' T °. However in 
this case it is not valid to use the reference point for the analysis. For example, we take 
the parameters as c = b and C = B = 0(1) and one finds that /% ~ a,(a — b)m s /2 and 
then ST/T ~ bja 2 [a — b) 2 ~ 1/6, 5X/X ~ b 2 jaia — b) ~ 6. Therefore the perturbation 
of the potential around the reference point does not converge. On the other hand, if 
A = e d ^ with d = 0(10), a value of a — c can be of 0(10). For example, in the case with 
b = c and B = C, we find a ~ (2/a/3) (a/b — 1) = 0(1) and the reference point is stable. 

For B = Ce~ d ^ < 1 with d = 0(1 - 10), we obtain m(M p /m 3/2 ) ~ + 6T and 
find 

^ = 2(a-c)aA 1 cd( s)-(g-b)T 
V3bC b + d^ 

In this case, the magnitude of a can be strongly dependent on a e~ d( ~ s '. For example, 
when A, C, a — b = 0(1) and b = c, one obtains F T = A/3e _d ^m 3 / 2 / (a — b) and 

2(a-6) 1 ^ 

Vs b + df ' 

For the case with b < e^ 5 ^, i.e. d(S) = 0(1), the value of a becomes of 0(1) and shifts 
of fields are given by 5T/T ~ e~ 2d ^ /b(a - b) 2 < 1/b 3 and 5X/X ~ be- d ^/(a - b) < 
l/(o - 6) <1. 

On the other hand, for the case with b <C e dlyS \ i.e. d(S) = 0(10), one can obtain 
a ~ e d ^ s ' ^> 1 and find that the anomaly mediation is dominant compared with the 
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modulus mediation. In the latter case, note that mass of the modulus can be much 
heavier than the gravitino mass such as 

m T ~ {a ~ b)b ^ + T)2 e d ^m 3/2 ~ e^m 3/2 » ab(T + f ) 2 m 3/2 , 

and the magnitude of wo becomes almost Ae~ aT ° — Ce~ cT ° which can be much larger than 
Be~ bT ° like the model in [36l [19]. In this case, the vacuum of the modulus can be stable 
during the inflation and then the modulus-induced gravitino problem can be avoided. 
The Polonyi problem may not occur if we have a low scale inflation like a new inflation. 
In that case, if one changes the gravitino mass of (9(100) TeV to 0(1) GeV, one could 
realize the gauge mediation model, which is studied in [Ml I3T] . However that is beyond 
the scope of this paper. 



3.4 Phenomenological aspects 

We have studied several concrete models. Here we comment on their phenomenological 
aspects like SUSY spectra in the visible sector. In most of models except model 5, the 
modulus mass itit is quite large compared with the gravitino mass 7713/2, i.e. 



m 3 /2 



with a ~ An 2 . Model 5 can derive much heavier modulus mass. 

There are three important sources of SUSY breaking, F x , F T and F° , where SUSY 
breaking through F c appears as the anomaly meditation. Most of models except model 
5 predict similar ratios among F x , F T and F c . Thus, first we concentrate ourselves to 
models 1-4. These models have F x = O (7773/2) and 

Of 



m 3/2 



The ratio of the anomaly mediation to the modulus mediation is denoted by a value of 
a defined in Eq. f fTOj) . Models 1-4 lead to a = 0(1), that is, the modulus mediation and 
anomaly mediation are comparable. 

Now, let us evaluate soft SUSY breaking terms in the visible sector. For such purpose, 
we have to fix couplings between SUSY breaking sources and the visible sector. We 
assume that gauge kinetic functions of the visible sector /„ are obtained as 

/„ = w v T + m v S, 

where w v and m v are constants. In the simplest case with w v = 1 and m v = 0, gaugino 
masses in the visible sector appear as the mirage mediation with the values of a, which 
are shown in the previous subsections. In generic case, gaugino masses are obtained as the 
mirage mediation by replacing a by a w /t+t) • ^ or exam pl e ; we could derive the value of 
a w 2 in the simplest case with w v — 1 and m v = 0, e.g. in model 4 with ac/b 2 = 3. Also, 
other cases with nonvanishing values of w v and/or m v would lead to a J V ^^ T -^ ~ 2. In 
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these models, gaugino masses at the TeV scale are given by the (tree level) pure modulus 
mediation, that is, the TeV scale mirage unification of gaugino masses [8j [11] . If the X 
field couples to heavy modes, which are charged under the SM gauge group, effects due 
to F x could appear through loop-effects, that is, the gauge mediation. Its contribution 
is the same size as the anomaly mediation when mass of the messenger fields is Planck 
scale. Also, if the X field does not sequestered from visible matter fields in the Kahler 
metric and the VEV of the X field is comparable with the Planck scale, effects due to F x 
could appear in the gaugino mass through the Konishi/Kahler anomaly p9j0 At any 
rate, the gaugino masses are of C(m 3 / 2 /a) ~ 1 TeV unless a direct coupling appears in 
the gauge kinetic function. 

Now, we also consider the couplings between the SM matter fields and X. In our 
framework, the hidden sector field X directly couples to the modulus T. Thus, it would 
be natural that X might live in the Calabi-Yau space rather than in the warped throat. 
Also the SM lives on D-branes which are wrapping on bulk Calabi-Yau. Thus, the contact 
terms between X and the SM matter fields Q, 

j ^ 4 c|X| 2 |Q| 2 , 

would not be suppressed. Then, we would obtain SUSY braking scalar mass and A-terms 
of 0(m 3 / 2 ) ~ 100 TeV. In this case, we have a large hierarchy between gaugino masses 
M a and scalar masses as 

M a = 0(m 3 / 2 /a), mi = 0(m 3/2 ), 

with a = (9(4-7r 2 ). That would have several phenomenological interesting aspects [38]. If 
the SM matter fields are sequestered from X by any reason and the above contact terms 
are suppressed sufficiently, the mirage mediation would also be dominant in scalar masses 
and A-terms. 

The situation in model 5 is different from others. Model 5 has a rich structure in 
the modulus mass and ratios among F x , F T and F c . A heavier modulus mass could 
be realized in model 5, and a value of a can vary from values like a = 0(1) to large 
values like a = O(10). In the latter case with a = O(10), the anomaly mediation would 
be dominant in gaugino masses in the visible sector. Scalar masses would be of 0(1713/2) 
unless the SM matter fields are sequestered from X by any reason. 

Finally, we comment on the phases of F-components. The phases are aligned as 
Arg[F c ] = Arg[F x ] = Arg[F T ] = ArgfVT] as long as Arg [Wtt] = Arg[W]. Thus, we can 
always solve the SUSY CP problem except for model 5. In model 5, we need a find-tuning 
for the alignment unless a = O(10). 

4 Conclusion and discussion 

We have studied modulus stabilization and realization of de Sitter vacua through F-term 
uplifting by a dynamically generated F-term. Here the uplifting sector X directly couples 

13 See also @D]. 
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to the light Kahler modulus T in the superpotential through, e.g., a stringy instanton 
effects. In the Polonyi-KKLT model, the perturbation from the reference point, where 
the KKLT-type modulus properties and the SUSY breaking structure are realized, is stable 
under the existence of such superpotential mixing, though the Kahler mixing can spoil 
the stability in general. Contrary, in the ISS-KKLT model, the superpotential mixing 
makes the perturbation unstable, that is, the true minimum is far from the reference 
point. This instability can be avoided by introducing another nonperturbative effect into 
the ISS-KKLT superpotential, i.e., by considering the ISS-racetrack model. 

In the case that the perturbation from the reference point is stable, the qualitative 
features of the KKLT scenario are preserved even with such modulus mixing to the up- 
lifting sector. One of the quantitative changes, which are phenomeno logically relevant, 
is a larger hierarchy between the modulus mass and the gravitino mass m 3 / 2 , i.e. 
m T/ m 3/2 ~ 0(a 2 ) • Even with such a large mass, the modulus F-term keeps a mod- 
erate value, F T ~ 0(m 3 / 2 /a) for \a{Mpi/m^/2) ~ a, thanks to the enhancement factor 
originating from the X-T mixing in the superpotential. Then we typically find a mirage- 
mediation pattern of gaugino masses of 0{m^/ 2 / a). The scalar masses and the A-terms 
are generically of 0(7113/2) because of possible direct couplings with X. 

In the ISS-racetrack model we can realize rriT ~ 10 8 GeV and mx ~ 10 10 GeV. In such 
case we could avoid the gravitino overproduction problem [10] by these scalar fields when 
the inflation has a low Hubble parameter Hi n f ~ 10 7 GeV. This may be also important 
for the explanation of the dark matter abundance, and in this scenario the dark matter 
candidate is likely to be gaugino. Stability of the vacuum duringthe inflation epoch 
may suppress the non-thermal production of the gaugino (neutraling 14 1) and the gravitino 
through the modulus and X decays. With a tuning of B, we can partially obtain a 
sparticle spectrum of the anomaly-mediation type, and both the modulus T, whose mass 
can be much heavier than 10 8 GeV, and the SUSY breaking field X may be stable during 
the low scale inflation such as a new inflation model. 
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